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Epigallocatechin-3-gallate regulates cell growth, cell
cycle and phosphorylated nuclear factor-kB in human

dermal fibroblasts
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Aim: To investigate the effects of (-)epigallocatechin-3-gallate (EGCG), the main polyphenol in green tea, on cell growth, cell cycle and
phosphorylated nuclear factor-kB (pNF-kB) expression in neonatal human dermal fibroblasts (nHDFs).

Methods: The proliferation and cell-cycle of nHDFs were determined using WST-8 cell growth assay and flow cytometry, respectively.
The apoptosis was examined using DNA ladder and Annexin V-FITC assays. The expression levels of pNF-kB and cell cycle-related
genes and proteins in nHDFs were measured using cDNA microarray analyses and Western blot. The cellular uptake of EGCG was
examined using fluorescence (FITC)-labeled EGCG (FITC-EGCG) in combination with confocal microscopy.

Results: The effect of EGCG on the growth of nHDFs depended on the concentration tested. At a low concentration (200 uymol/L),
EGCG resulted in a slight decrease in the proportion of cells in the S and G,/M phases of cell cycle with a concomitant increase in the
proportion of cells in Go/G, phase. At the higher doses (400 and 800 umol/L), apoptosis was induced. The regulation of EGCG on
the expression of pNF-kB was also concentration-dependent, whereas it did not affect the unphosphorylated NF-kB expression. cDNA
microarray analysis showed that cell cycle-related genes were down-regulated by EGCG (200 umol/L). The expression of cyclins A/B
and cyclin-dependent kinase 1 was reversibly regulated by EGCG (200 umol/L). FITC-EGCG was found to be internalized into the cyto-

plasm and translocated into the nucleus of nHDFs.

Conclusion: EGCG, through uptake into cytoplasm, reversibly regulated the cell growth and expression of cell cycle-related proteins and

genes in normal fibroblasts.
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Introduction

Food bioactives with strong antioxidant properties have been
shown to be contained in green tea, grapes, and turmeric and
have shown cancer chemopreventive and chemotherapeutic
effects in many animal tumor bioassays, cell culture systems,
and epidemiological studies!" . These biological activities of
green tea polyphenols are believed to be mostly mediated by
(-)epigallocatechin-3-gallate (EGCG), the predominant cat-
echin present therein!*. Some previous reports have shown
that treatment with EGCG or its derivatives results in G,/ G;
phase cell cycle arrest and apoptosis of several types of cancer
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cells, but not of normal cells®”). However, the mechanism of

this differential response to EGCG in cancer cells vs normal
cells has not been fully elucidated. Many previous studies
have reported the incorporation of EGCG into the cytosol
and/or even the nucleus of cancer cells. The EGCG tissue
distribution and metabolism in animals has also been assessed
using radioisotope-labeled EGCG, eg, [PH]JEGCG® . This
cellular incorporation of EGCG is considered involved in the
mechanism of the anti-cancer activity of EGCG because cat-
echins exert proapoptotic and antiproliferative activities on
cancer cells.

Dietary agents that can suppress the cancer cells via apop-
tosis (a programmed cell death) but do not affect normal cells
may have a therapeutic advantage for the elimination of can-
cer cells. At present, only a few agents are known to possess
the potential for selective/preferential elimination of cancer
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cells without affecting the normal cells!®” > . EGCG has
been shown to have suppressive effects on various cancer cells
by inducing cell cycle arrest and inhibiting proliferation ',
whereas less attention has been paid to its cytoprotective
effects on normal cells. Our previous reports have demon-
strated that EGCG induces cellular hibernation with high cell
survival rates through inhibiting apoptosis by scavenging
free radicals harmful to the cells and protecting the fragile cell
membrane by simply adhering to and reinforcing it"*"*,

In the present study, we investigated (i) the regulatory
effects of low- and high-dose treatments of EGCG on the cel-
lular responses and expression of phosphorylated nuclear
factor-xB/p65 (pNF-xB/p65) in neonatal human dermal
fibroblasts (nHDFs), (ii) the reversible effects of EGCG on the
expression of cell cycle-related genes and proteins, and (iii)
the involvement of the cellular uptake pattern of EGCG as a
mechanism for these dose-differential responses to EGCG in
nHDFs. Our data imply that the proliferation, cell cycle pro-
gression, apoptosis and pNF-xB/p65 expression of nHDFs
are dose-differentially regulated in response to EGCG (200-
800 pmol/L). Cell cycle-related genes and proteins, such as
cyclin A (CCNA), CCNB, cyclin-dependent kinase 1 (CDK1)
and CDK inhibitor A1 (CDKN1A or p21), were reversibly
regulated when the cells were subjected to EGCG exposure
and removal. EGCG conjugated with fluorescein isothiocya-
nate (FITC) was found to be incorporated into the cytoplasm
of nHDFs with further nuclear translocation. The dose-differ-
ential regulatory activity of EGCG may be exploited to craft
strategies for the cytoprotection of normal cells and cancer
chemoprevention by EGCG.

Materials and methods

Cell cultures

Neonatal human dermal fibroblasts (nHDFs) were kindly
provided by Dr Dong Kyun RAH (Department of Plastic and
Reconstructive Surgery, Yonsei University College of Medi-
cine, Seoul, Korea). The cells were routinely maintained in
Dulbecco's modified Eagle’s medium (D6429, Sigma-Aldrich
Co, St Louis, MO, USA) supplemented with 10% fetal bovine
serum (Sigma-Aldrich Co) and a 1% antibiotic antimycotic
solution (including 10000 units penicillin, 10 mg streptomycin
and 25 pg amphotericin B per mL, Sigma-Aldrich Co) at 37
°C in a humidified atmosphere of 5% CO, in air as previously
described™. Studies were performed with nHDFs within 10
passages.

EGCG treatment

EGCG (Teavigo™), a major polyphenolic constituent of green
tea, was purchased from DSM Nutritional Products Ltd (Basel,
Switzerland), and its purity exceeded 98%. To examine the
dose-based differential effects of EGCG on growth, cell cycle
progression, apoptosis and pNF-kB/p65 expression of nHDFs,
the cells were seeded into well plates and incubated in the
presence of increasing concentrations (100-800 pmol/L) of
EGCG in complete medium for 24 h. Upon determining the
effects of EGCG on the expression of cell cycle-related genes or
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proteins, cultured cells were treated with 200 pmol/L EGCG
in complete medium for 24 h. After EGCG treatment, EGCG
was removed from the culture medium and the cells were fur-
ther incubated for 24 to 72 h.

Cell growth assay

The number of viable cells was quantified indirectly using a
highly water soluble tetrazolium salt [WST-8, 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt] (Dojindo Lab, Kumamoto,
Japan) that is reduced to a formazan dye by mitochondrial
dehydrogenases. Cell growth was found to be directly pro-
portional to the metabolic reaction products obtained in the
WST-8 assay. Briefly, WST-8 assays were conducted as fol-
lows. nHDFs cultures treated with increasing concentrations
of EGCG were incubated with WST-8 for the last 4 h of the
culture period (24 h) at 37 °C in the dark. To avoid a direct
reaction between the antioxidant EGCG and the WST-8 to be
reduced, the cell cultures were thoroughly washed with phos-
phate-buffered saline (PBS, pH 7.2) and refreshed with a fresh
medium containing WST-8. Parallel sets of wells containing
freshly cultured, non-treated nHDFs were regarded as the con-
trols. Absorbance was determined at 450 nm using an ELISA
reader (SpectraMax® 340, Molecular Device Co, Sunnyvale,
CA, USA). At the end of incubation, the cellular morphologies
were observed under an Olympus IX70 inverted microscope
(Olympus Optical Co, Osaka, Japan).

Cell cycle analysis

For cell cycle analysis, cultured nHDFs, following treatment
with increasing concentrations of EGCG for 24 h, were col-
lected and washed with cold PBS (pH 7.2). The cells were
resuspended in 95% cold methanol for 1 h at 4 °C and then
centrifuged at 120xg for 5 min. The resultant pellet was
washed twice with cold PBS, suspended in PBS and incubated
with RNase (20 Units/mL, final concentration, Sigma-Aldrich
Co) at 37 °C for 30 min. Afterward, the cells were chilled on
ice for 10 min and stained with 100 pg/mL propidium iodide
(PI, Sigma-Aldrich Co) for 1 h. At least 10000 cells were
counted by a flow cytometer (FACSCalibur™, BD Biosciences,
San Jose, CA, USA), and the data obtained were analyzed
using ModFit™ LT for Mac version 3.0 software (Verity Soft-
ware House, Topsham, ME, USA).

Apoptosis analysis

After treatment of nHDFs with increasing concentrations of
EGCG for 24 h, the cellular DNA was isolated and resolved
over a 1.5% agarose gel to assess DNA ladder formation (frag-
mentation) using a standard procedure. Briefly, following
EGCG treatment, the cells were washed twice with PBS (pH
7.2) and incubated with 1.0 mL of cytoplasm extraction buffer
(10 mmol/L Tris, pH 7.5, 150 mmol /L NaCl, 5 mmol/L MgCl,,
and 0.5% Triton X-100) on ice for 15 min. The cells were cen-
trifuged (14000%g) at 4 °C and then incubated with 1.0 mL of
DNA lysis buffer (10 mmol/L Tris, pH 7.5, 400 mmol/L NaCl,
1 mmol/L EDTA, and 1% Triton X-100) for 20 min on ice. The



lysate was cleared by centrifugation (14000xg) at 4 °C, and the
supernatant was incubated overnight with RNase (0.2 mg/mL)
at room temperature and then with Proteinase K (0.1 mg/mL,
Sigma-Aldrich Co) for 2 h at 37 °C. DNA was extracted using
phenol:chloroform (1:1) and precipitated with 95% ethanol.
The DNA precipitate was centrifuged at 14000xg (4 °C) for 15
min, and the pellet was air-dried and dissolved in 20 mL of TE
buffer (10 mmol/L Tris-HCI, pH 8.0, and 1 mmol/L EDTA).
The total amount of DNA obtained was resolved over a 1.5%
agarose gel containing 0.3 mg/mL ethidium bromide in Tris-
borate-EDTA buffer. The bands were visualized under a UV
transilluminator followed by Polaroid photography.

Apoptosis of nHDFs treated with EGCG for 24 h was also
determined by the TACS™ Annexin V-FITC assay (R&D Sys-
tems Inc, McKinley Place, MN, USA). Phosphatidylserines
exposed on the membrane surface of apoptotic cells were
stained with Annexin V-FITC according to the manufacturer’s
instructions. The late apoptotic (or necrotic) cells were stained
with PI. Parallel sets of wells containing non-treated nHDFs
were regarded as the (+) controls. The results were acquired
and analyzed with CellQuest® software (BD Biosciences). The
population of apoptotic cells was characterized by its high
mean fluorescence of Annexin V-FITC in a flow cytometric
histogram.

Western blotting

After treatment with increasing concentrations of EGCG for
24 h, nHDFs were washed twice with cold PBS (10 mmol/L,
pH 7.4), and ice-cold RIPA lysis buffer (Santa Cruz Biotechnol-
ogy Inc, Santa Cruz, CA, USA) was added to the cells. After
5 min, the cells were scraped, and the lysate was centrifuged
at 14000xg for 20 min at 4 °C. Proteins were extracted from
the total lysate, and the protein concentration was determined
by a BCA™ protein assay using the manufacturer’s protocol
(Pierce, Rockford, IL, USA). For immunoblot analysis, 35-40
ug of protein was run on a 4/20 polyacrylamide-SDS gel (Dai-
ichi Pure Chemicals Co, Ltd, Tokyo, Japan) for 1 h at 30 mA
and blotted to a PVDF membrane for 50 min at 35 mA. The
membrane was blocked in a blocking buffer (Nacalai Tesque
Inc, Kyoto, Japan) for 1 h at room temperature and incubated
with rabbit anti-human NF-xB/p65 and pNF-xB/p65 (Ser
536) polyclonal antibodies (Cell Signaling Technology Inc,
Danvers, MA, USA) and, as the reference, mouse anti-human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mono-
clonal antibody (International Inc, Temecula, CA, USA). The
membrane was treated with either an anti-mouse IgG (Amer-
sham Biosciences, Buckinghamshire, UK) or an anti-rabbit IgG
secondary antibody (Santa Cruz Biotechnology Inc), horserad-
ish peroxidase-conjugated. Protein expression was detected
by a Chemilumi-one chemiluminescent kit (Nacalai Tesque
Inc) and X-ray film (Fujifilm, Tokyo, Japan).

In the cases of immunoblot analysis for cell cycle-related
proteins, such as CCNA, CCNB1, CDK1, and CDKN1A,
nHDFs were treated with 200 umol/L EGCG for 24 h; the
EGCG was then removed for further incubation for up to 72 h.
Afterward, each protein was extracted from the cell lysate and
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blotted to the membrane. The membrane was blocked and
incubated with primary antibodies, including either mouse
anti-human CCNA, CCNB1, and CDK1 monoclonal antibodies
(BD Biosciences) or rabbit anti-human CDKN1A monoclonal
antibody (Cell Signaling Technology Inc), followed by incuba-
tion with horseradish peroxidase-conjugated secondary anti-
bodies. Protein expression was detected as described above.

Microarray analysis

The effect of EGCG on gene expression of nHHDFs was investi-
gated using a Platinum Human Cancer 3.0K oligo microarray
(GenoCheck, Ansan, Gyunggi-do, Korea). This microarray
consisted of 3096 oligonucleotide spots including Operon
(Operon, Huntsville, AL, USA), human oligo subsets, house-
keeping genes and Arabidopsis DNA as controls. All oligo-
nucleotide probes were designed from the UniGene Database
Build Hs 184 and the Human Reference Sequence Database,
both developed and maintained at the National Center for
Biotechnology Information. The probes were resuspended
in spotting solution (GenoCheck) at a final concentration of
50 pmol/L and spotted onto CMT-GAPS 1II silane slide glass
(Corning, NY, USA) with a PixSys 5500 arrayer (Cartesian
Technologies, Irvine, CA, USA) using 6 stealth micro spot-
ting pins. The printed slides were processed according to the
CMT-GAPS II slide protocol.

Confocal laser scanning microscopy

To determine the cellular uptake patterns of EGCG in nHDFs
upon treatment with low and high doses of EGCG, the cells
were treated for 24 h with 100 or 400 pmol/L FITC-conjugated
EGCG (FITC-EGCG) as described previously®. After FITC-
EGCG treatment, the cells were washed thoroughly with PBS,
fixed with 3.5% paraformaldehyde (Sigma-Aldrich Co) in 0.1
mol/L phosphate buffer (pH 7) for 5 min at room temperature
and immediately observed under a confocal laser scanning
microscope (LSM 510, Carl Zeiss Advanced Imaging Micros-
copy, Jena, Germany). Cell nuclei were counterstained with 5
pmol/L PI immediately before 3 to 5 min of observation.

Statistical analyses

All variables were tested in three independent cultures for
each experiment, and each experiment was repeated twice
(1=6). The results are reported as the meantstandard devia-
tion (SD) compared with the non-treated controls. A one-
way analysis of variance (ANOVA), which was followed by
a Tukey HSD test for the multiple comparisons, was used to
detect the dose-based differential effects of EGCG on nHDFs.
A P value < 0.05 was considered statistically significant.

Results

Effects of EGCG on growth, morphology and cell cycle progres-
sion of nHDFs

Proliferation was inhibited in nHDFs in a dose-differential
manner in response to EGCG treatment (Figure 1A). The cells
partially lost their proliferation feedback control mechanism
during EGCG treatment with lower than 200 pmol/L for 24 h,
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but the proliferation control was slowly recovered by the cell
to cell contact and returned to a normal level after the removal
of EGCG from the medium (data not shown). However, upon
treatment with greater than 400 pmol/L EGCG, the prolifera-
tion control was not recovered in spite of EGCG removal.

A dose-differential modulation of cell cycle progression
of nHDFs by EGCG treatment was also found. As shown in
Figure 1B, EGCG treatment triggered an appreciable dose-
dependent increase in the Sub-G, phase (ie, 5.4%, 56.7%, and
69.9% at 200 pmol/L, 400 pmol/L, and 800 pmol/L, respec-
tively), which corresponds to apoptotic cells, and a concomi-
tant decrease in S phase cells. Interestingly, 200 umol/L
EGCG resulted in a slight decrease in the population of S and
G,/M phases of the cell cycle, leading to cell cycle delay at the
Gy/G; phase. However, EGCG treatment at a concentration
greater than 400 umol/L resulted in a significant increase in
the Sub-G; phase of the cell cycle with a remarkable decrease
in the proportion of cells in both the S and the G,/M phases.
Accordingly, the cells could not enter the S phase during
treatment with higher concentrations of EGCG, which might
induce cell cycle arrest as well as apoptosis.

This dose-differential antiproliferative response of EGCG in
nHDFs was evident from the morphological observations (Fig-
ure 1C). The non-treated control and the lower doses (100 and
200 pmol/L) of EGCG caused only slight alterations, if any,
in the cellular morphologies of nHDFs. At the higher doses
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(400 and 800 pmol/L), however, the number of attached cells
was markedly decreased, indicating that the EGCG treatments
might result in apoptotic detachment of the cells.

Effects of EGCG on apoptosis of nHDFs

The dose-differential effects of EGCG on apoptosis of nHDFs
were evident from a DNA ladder assay, which showed the
induction of DNA fragmentation with increasing concentra-
tions of EGCG treatment (Figure 2A). The Annexin V-FITC
assay showed that neither apoptosis nor necrosis was seen at
doses lower than 200 pmol/L EGCG (Figure 2B). However,
treatment of nHDFs with higher concentrations of EGCG
resulted in late apoptosis and necrosis as evident by the for-
mation of internucleosomal DNA fragments and high fluores-
cence of Annexin V-FITC and PI. Overall, this dose-differen-
tial pattern of apoptosis induced by EGCG in nHDFs agreed
well with that of cell growth regulation, as shown in Figure 1.

Effects of EGCG on pNF-kB/p65 expression in nHDFs

To evaluate differential effects of EGCG on the expression of
constitutive NF-xB/p65 and pNF-xB/p65 in nHDFs, an anti-
body directed against the RelA/p65 subunit of each protein
was employed. EGCG treatment did not result in any sig-
nificant alternation in the inactive, unphosphorylated form of
NF-xB/p65 protein expression (Figure 3). However, a very
strong inhibition of pNF-xB/p65 expression was observed at

EGCG Cell population/%
(umol/L) Sub-G; Go/Gy S Gy/M
0 0.8+£0.5 49.4+3.7 32.7+5.1 17.1+2.4
100 4.3+1.9 51.2+6.2 29.845.3 14.7+2.7
200 5.4+4.3 59.245.3" 26.0+6.7 9.4+4.1°
400 56.7+6.3" 38.0+7.4 4.1+2.8™ 1.2+1.7%
800 69.949.0™ 25.8+7.9% 2.3+5.2 2.0+1.3"

Figure 1. Dose-based differential effects of EGCG on proliferation, morphology, and cell cycle progression of nHDFs. Cells were incubated with
increasing concentrations (100-800 pmol/L) of EGCG for 24 h. The proliferation (A), cell cycle progression (B), and morphology (C) of EGCG-treated
nHDFs were measured by WST-8 assay, flow cytometry and optical microscopy, respectively. The results are reported as a mean+SD and analyzed by a
Tukey HSD test. °P<0.05 vs non-treated control, ®P<0.05 vs 100 or 200 pymol/L EGCG group, respectively (A and B). The data shown in this figure are

representative of 6 independent experiments, showing similar results.
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200 97.0+7.0 0.1+1.4 0.2+0.7 2.7+1.9
400 32.0+5.1" 3.742.5" 5.3+9.1" 59.0+13.4%
800 2.2+1.7" 1.5+3.3% 35.9+11.6* 60.4+8.8™

Figure 2. Dose-based differential apoptotic responses of nHDFs to EGCG. Cells were incubated with increasing concentrations (100-800 umol/L) of
EGCG for 24 h. DNA fragmentation (A) and apoptosis (B) in EGCG-treated nHDFs were measured by DNA ladder and Annexin V-FITC assays, respectively.
The results are reported as a mean+SD and analyzed by a Tukey HSD test. °P<0.05 vs non-treated control, °P<0.05 vs 100 or 200 umol/L EGCG group,
respectively (lower table in B). The data shown in this figure are representative of 6 independent experiments, showing similar results.

EGCG (pmol/L) EGCG (umol/L)
0 100 200 400 800 0 100 200 400 800

NF-kB m _ PNF-(B Figure 3. Dose-based differential modula-
(65 kDa) . (65 kDa) tion of pNF-kB expression in nHDFs by
GAPDH GAPDH EGCG. Cells were incubated with increasing
(~38 kDa) " _ (~38 kDa)  concentrations (100-800 pmol/L) of EGCG
for 24 h. Expression levels of NF-kB/p65
. and pNF-kB/p65 proteins in EGCG-treated
100 e = —l—— T nHDFs were detected by immunoblot
% . b analysis as described in Materials and

c3s 80F - .
3= methods. Results from representative
§8 e60f I experiments were normalized to GAPDH
g :\‘f’: ol | expression by densitometry. The quantita-
I_%V tive results are shown in the lower panel.
20 - be be The results are reported as a mean+SD
0 . . . , and analyzed by a Tukey HSD test. °P<0.05
0 100 200 400 800 0 100 200 400 800 vs non-treated control, *P<0.05 vs 100 or

EGCG concentration (pmol/L)

higher concentrations (400 and 800 pmol/L) of EGCG, while
at 200 pmol/L, slight inhibition of pNF-xB/p65 expression
occurred. This EGCG-mediated pattern of regulation of the
PNF-xB/p65 in the cells was somewhat similar to the pat-
tern of regulation of proliferation. These results suggest that
PNF-xB/p65 activation and translocation may be dose-differ-
entially regulated by EGCG.

Effect of EGCG on the expression of cell cycle-related genes and
proteins in nHDFs
A cDNA microarray analysis was employed to evaluate the

200 pmol/L EGCG group, respectively.

effect of EGCG on the expression level of cell cycle-related
genes. The microarray contained oligonucleotide probes
representing 3096 human genes and included 50 cell cycle-
related genes. Although a total of 3096 genes were screened
in EGCG-treated nHDFs, the expression of 1520 genes was
statistically reliable with respect to the control. The expression
of only 23 genes was more than 2-fold up-regulated and that
of only 61 genes was 2-fold down-regulated in response to 200
pmol/L EGCG compared with non-treated cells. Among the
cell cycle-related genes, some genes were significantly down-
regulated in response to EGCG treatment (Table 1). These
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Table 1. List of significantly down-regulated/up-regulated cell cycle-related genes in nHDFs after EGCG treatment.

Gene (Symbol) Role Fold
Cyclin A2 (CCNA2) Essential for S phase & G,/M phase transition 0.2
Cyclin B1 & B2 (CCNB1 & CCNB2) Essential for mitosis, associates with cell division cycle 2 (CDC2) 0.3
Cyclin-dependent kinase 1 (CDK1 or CDC2) Complexes with cyclin A & B, essential for G,/M phase transition 0.2
Protein kinase, membrane associated tyrosine/threonine 1 (PKMYT1)  Inactivates CDC2 and negatively regulates cell cycle G,/M transition 0.3
CDK inhibitor 1A (CDKN1A or p21) Inhibits cyclin-CDK2 or -CDK4 complexes, regulates G, phase 3.3

genes included cyclin (CCN) A2, CCNB1/B2 and their regula-
tory kinase, cyclin-dependent kinase 1 (CDK1), which func-
tion at S phase and the G,/M phase transition. Protein kinase,
membrane associated tyrosine/threonine 1 (PKMYT1), which
inactivates the cell division cycle 2 (CDC2 or CKD1) protein
and negatively regulates the cell cycle G,/M transition, was
also significantly down-regulated. In contrast, CDK inhibitor
A1l (CDKN1A or p21), a G, phase regulator, was significantly
up-regulated upon EGCG treatment. Other cell cycle-related
genes, such as CCNC, CCND3, CCNF, CDC20, and CKS2
(CDC28 protein kinase regulatory subunit 2), were slightly
down-regulated (Table 2). Interestingly, CDK2 and CDKS®,
which complex with CCNE and CCND, respectively, and are
essential for the G;/S phase transition and early G; phase,
were not affected by EGCG treatment. The expression levels
of the other cell cycle-related genes are listed in Supplemen-
tary Table S1. The detailed expression levels of other genes
significantly changed by EGCG treatment relative to the con-
trols are listed in Supplementary Tables S2 and S3.

Figure 4 demonstrates the regulatory effects of EGCG on
the expression level of cell cycle-related proteins in nHDFs.
The protein expression levels of CCNA, CCNB1, and CDK1
were significantly decreased by 200 pmol/L EGCG treatment
for 24 h, but they were noticeably restored after 72 h of EGCG
removal. In contrast, the expression level of CDKN1A was
slightly suppressed after EGCG treatment, but remained at
low levels 72 h after the removal of EGCG. These data suggest
that the expression of cell cycle-related genes and proteins

can be reversibly regulated by EGCG exposure and removal.
These results agreed well with those of the cell cycle profile,
which showed that the cell cycle of cells treated with EGCG
for 24 h was delayed at G,/G; phase and restored after EGCG
removal.

Cellular uptake of FITC-EGCG in nHDFs

To determine and compare the incorporation of FITC-EGCG
into the cytoplasm of nHDFs and its further nuclear transloca-
tion between low- and high-dose treatments, confocal micros-
copy was performed in the cells treated with 100 and 400
pmol/L FITC-EGCG. The cellular uptake of FITC-EGCG was
not observed until approximately 4 h of culture and was most
dramatic between 4 and 6 h (data not shown). As the incuba-
tion time progressed, FITC-EGCG became concentrated in
the cytoplasm and then localized to different sites within the
cells. Although the cellular response to FITC-EGCG and its
binding pattern to receptors would be different from those of
EGCG, the low dose (100 pmol/L) of FITC-EGCG was clearly
observed to be adsorbed onto the membrane and internalized
into the cytoplasm of nHDFs, particularly with intense bright
green fluorescence after 24 h (Figure 5A). At higher magnifi-
cation, FITC-EGCG was clearly found to be widely distributed
in the cytosol of the cells and partially translocated into the
nucleus, bound to endosome-like structures. However, the
incorporation of FITC-EGCG into the cells was appreciably
decreased by pretreatment with free EGCG (data not shown),
suggesting that a negligible amount of conjugate accumulates

Table 2. List of minimally regulated or unaffected cell cycle-related genes in nHDFs after EGCG treatment

Gene (Symbol)

Cyclin C (CCNC)

Cyclin D1 (CCND1)

Cyclin D3 (CCND3)

Cyclin F (CCNF)

Cyclin T1 (CCNT2)

Cyclin-dependent kinase 2 (CDK2)
Cyclin-dependent kinase 6 (CDK6)
Cyclin-dependent kinase 9 (CDK9)
Cyclin-dependent kinase 10 (CDK10)
Cell division cycle 20 (CDC20)

Cell division cycle 23 (CDC23)
CDC28 protein kinase regulatory subunit 2 (CKS2)

Role Fold
Important regulator of G, phase 0.8
Essential for G, phase, with CDK4 and CDK6 0.9
Essential for G, phase, with CDK4 and CDK6 0.7
Important regulator of cell cycle transitions 0.6
Functions as regulators of CDKs 0.9
Complexes with cyclin A & E, essential for G,/S phase transition 0.6
Complexes with cyclin D1, D2 & D3, essential for early G; phase 0.6
Complexes with CCNT and CCNK 0.9
Regulator of G,/M phase 0.9
Functions at multiple points in the cell cycle 0.7
Essential for cell cycle progression through the G,/M transition 0.9
Binds to CDKs, essential for their biological functions 0.6
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Figure 4. Effects of EGCG on expression of cell cycle-related proteins in nHDFs. After treatment with 200 pymol/L EGCG for 24 h, EGCG was removed
from the cultured cells followed by further incubation for up to 72 h. The expression of cell cycle-related proteins in nHDFs (A) was determined
by Western blotting as described in Materials and methods. Results from representative experiments were normalized to GAPDH expression by

densitometry. The quantitative results are shown in the right panel (B).

The results are reported as a mean+SD and analyzed by a Tukey HSD test.

®P<0.05 vs non-treated control, ®P<0.05 vs 24 h after EGCG treatment group, "P<0.05 vs 24 or 48 h after EGCG removal group.

within cells by virtue of competition with unlabelled EGCG
for membrane binding sites. This cellular uptake pattern of
FITC-EGCG in normal fibroblasts was completely different
from the pattern in human fibrosarcoma (HT-1080) cells (as
their cancer counterparts)®'! and murine fibroblastic (L-929)
201 Additional fluorescence
microscopic observation demonstrated the time course of cel-
lular uptake of FITC-EGCG in cultured nHDFs. FITC-EGCG
was clearly observed in both the membrane and the cytoplasm
of the cells until 10 d, despite the removal of FITC-EGCG from

the culture medium (Supplementary Figure S2).

cells (Supplementary Figure S1)

Confocal micrographs of nHDFs detached due to apopto-
sis mediated by a higher dose (400 pmol/L) of FITC-EGCG
showed that FITC-EGCG was still incorporated into the cyto-
plasm and even into the nucleus of the detached cells (Figure
5B). Both the membrane and the nucleus of detached nHDFs
were too damaged to delineate due to apoptosis. Further-
more, the cells that were still attached but adversely affected
by FITC-EGCG showed typical apoptotic appearances, includ-
ing blebbing, nuclear swelling, and membrane deterioration,
whereas they were subjected to the nuclear translocation of
FITC-EGCG like their cancer counterparts®!. These results
imply that FITC-EGCG at an almost non-toxic concentration
can be incorporated into the cytosol of the cells through bind-
ing to specific receptors and forming complexes with them.
Furthermore, FITC-EGCG may be differentially translocated
into the nucleus in nHDFs vs HT-1080 cells and L-929 cells,
which contributes to the reversible regulation of the cell cycle
and leads to cytoprotection.

Discussion

In the present study, we demonstrated that the dose-differ-
ential effects of EGCG were associated with the reversible
regulation of the expression of cell cycle-related genes and
proteins in nHDFs. Although several studies comparing the
effects of EGCG on cancer cells and their normal counter-
parts have been reported previously®”, it has not been clear
whether these pharmacological effects of EGCG are related to
the reversible regulation of the cell cycle mediated by EGCG
incorporated into the cells. Natural dietary anti-cancer chemo-
preventive compounds, such as polyphenols (eg, EGCG and
curcumin), isothiocyanates (eg, sulforaphane and phenethyl
isothiocyanate) and their combinations, are known to possess
redox-mediated differential signaling mechanisms that lead to
cytoprotection of normal cells vs cytotoxicity in tumor cells®™.
Our studies have shown that EGCG did not induce growth
inhibition, cell cycle deregulation, or apoptosis of normal
fibroblasts at 200 umol/L, which is a concentration that would
be high enough to affect their cancer counterparts (Figures 1
and 2). This result suggests that EGCG or its derivatives can
be developed as agents to selectively eliminate cancer cells
without affecting normal cells. Other previous studies have
primarily used concentrations of 40 to 100 pmol/L to demon-
strate differential effects of EGCG on cancerous cells vs their
571 Even these concentrations are not
physiological®, but provide a framework for understand-
ing the differential effects of EGCG. Here, we employed 200
umol/L as a critical concentration to define the mechanistic
basis of the differential effects of EGCG. Although this con-
centration is much higher than that used in other studies,

normal counterparts
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Figure 5. Cellular uptake of FITC-EGCG in nHDFs. Cells were incubated with 100 umol/L (A) and 400 umol/L (B) FITC-EGCG for 24 h and then observed
under a confocal laser scanning microscope. The micrographs shown in this figure are representative of 6 independent experiments, showing similar
results [Original magnification: X500 and x2000 (A, upper and lower, respectively), and x1800 (B)]. Arrows in A indicates FITC-EGCG translocated into

the nucleus.

the LCs, value of EGCG on growth inhibition was estimated
to be approximately 600 pmol/L in nHDFs (Supplementary
Table S4). Moreover, HT-1080 cells were more sensitive to
EGCG and had a much lower LCs, value (200 umol/L) than
that of nHDFs®®". Therefore, 200 pmol/L EGCG was consid-
ered suitable for understanding the dose-differential effects of
EGCG on normal vs cancer fibroblasts. These results suggest
the possibility that appropriate concentrations of EGCG may
inhibit the growth of certain cancer cells, but have no apparent
adverse effect on the growth of their normal counterparts.

We also showed that EGCG displayed a dose-differential
regulatory effect on pNF-«xB expression, but not on NF-xB
expression (Figure 3). Perkins et al have found that specific
CDKs regulate NF-xB-mediated transcriptional activation
through interactions with the coactivator p300 and that the
transcriptional activation domain of RelA (p65) interacts
with an amino-terminal region of p300 that is distinct from a
carboxyl-terminal region of p300 required for binding to the
CCNE-CDK2 complex®. According to their report, CDKN1A
or a dominant negative CDK2, which inhibits p300-associated
CCNE-CDK?2 activity, stimulates NF-xB-dependent gene
expression, and the interaction of NF-kB and CDKs through
the p300 and CREB-binding protein coactivators provides a
mechanism for the coordination of transcriptional activation
with cell cycle progression. Increasing evidence has indicated
that the development of selective NF-xB inhibitors may rep-
resent a promising therapeutic tool to sensitize tumor cells to
apoptosis and increase the efficacy of conventional anticancer
drugs in a wide spectrum of malignancies™™.

In general, cDNA microarray analysis provides extensive
information on global gene expression. Indeed, the data pre-
sented here demonstrated the global regulation of multiple
genes involved in cell survival, cell cycle, and apoptosis that
are considered some of the most important factors for cytopro-
tection. The genes that changed over 2-fold, namely either

Acta Pharmacologica Sinica

>2 or <1/2, constituted only 5.5% (84 genes) of the genes with
statistical reliability (Table 1 and Supplementary Tables S1-S3).
Our findings from the cDNA microarray showed that 20% (10
genes) of cell cycle-related genes were strongly affected by
EGCG treatment. Among the cell cycle-related genes, those
that were the most affected by EGCG treatment were CCNs
and CDKs directly involved in cell cycle regulation. Interest-
ingly, a substantial difference in the response to EGCG among
the cell cycle-related genes was present. CCNA2, CCNB1/
B2, and CDKI1, essential for the G,/M phase transition, were
strongly suppressed, whereas CCNC, CCND1/3, CDK2, and
CDKG6, essential for G, phase and the G;/S phase transition,
were less suppressed (Tables 1 and 2). This cell cycle delay at
the Gy/G; phase showed a proper correlation with the result
of the cell cycle assay (Figure 1B). Based on the results of a
cell growth assay and cytometry, cellular responses such as
proliferation and cell cycle progression can be predicted to be
regulated by cell cycle-related genes that were changed over
2-fold upon EGCG treatment. Therefore, the reversible effects
of EGCG may allow its safe usage in cell protection for chemo-
therapy!® ™,
highly positive correlations with the results from immunoblot-

Our hypothesis was further verified by finding

ting that showed similar patterns to those of the microarray
data (Figure 4). Removal of EGCG from the culture medium
restored the expression of cell cycle-related proteins to the lev-
els before EGCG treatment, which suggests that the effect of
EGCG on the cell cycle is reversible. EGCG reduced the num-
ber of proliferating nHDFs cells by slowing the transit through
the S and G,/M phases, by delaying cell cycle at the G, phase,
or even by inducing apoptotic cell death.

We also showed that the cellular uptake of FITC-EGCG in
normal fibroblasts was different from that in a fibroblastic cell
line (Figure 5 and Supplementary Figure S1) in their cancer
counterparts (HT-1080 cells)®. These cellular uptake pat-
terns were involved as important contributors to the dose-



differential growth inhibitory, cell cycle regulatory, and
apoptotic responses of EGCG. Although the exact mechanism
of the incorporation of EGCG into cells has not been fully
elucidated, some evidence has been reported that EGCG is
bound to the membrane and incorporated into the cytosol and
the nucleus of cancer cell lines (such as PC-9 and HT-29 cells)
treated with ["HJEGCG® *!. These quantitative results using
[PH]EGCG agree well with our qualitative results showing that
the FITC-EGCG was incorporated into the cytosol of fibro-
blastic cells®™ *'. However, the nuclear translocation pattern
of FITC-EGCG was quite different in nHDFs vs HT-1080 cells
and L-929 cells (Supplementary Figure S2), which would lead
to the reversible regulation of the cell cycle and cytoprotection
of normal fibroblasts. These phenomena can be related in part
to the intrinsic characteristics of EGCG as a polyphenolic com-
pound. EGCG is amphipathic and easily binds to extracellular
matrices, lipid membranes or any type of intracellular pro-
tein®® !, Therefore, EGCG seems to be able to be incorporated
into the cytosol of fibroblastic cells and further translocated
into the nucleus and may modulate the exogenous signals
directed to genes required for the survival and apoptosis of
the cells. Recent studies have demonstrated that expression
of the metastasis-associated 67 kDa laminin receptor might
confer EGCG responsiveness to cancer cells at physiologically
relevant concentrations, suggesting that the gallate moiety of
EGCG may be critical for receptor binding and subsequent

031 Moreover, the observation that nucleic acids

activity
extracted from catechin-treated cells were colored implied that
because both galloyl and catechol groups of EGCG were essen-
tial for DNA and RNA binding, both groups seemed to hold
strands of DNA and RNA via their branching structure®® .

Taking these results into consideration, we conclude that
EGCQG internalized into normal fibroblasts can dose-differen-
tially regulate the expression of cell cycle-related genes and
proteins and exert cytoprotective effects on the cells through a
feasible mechanism of action (Supplementary Figure S3). This
dose-differential regulatory activity of EGCG may be exploited
to craft strategies using EGCG for the cytoprotection of normal
cells and the chemoprevention of cancer cells.
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Supplementary information
Additional experimental details for the microarray analysis
and cytotoxicity assay are provided with the results for signifi-
cantly down-regulated cell cycle-related genes in nHDFs after
EGCG treatment (Table S1), significantly down-regulated/
up-regulated apoptosis-related genes in nHDFs after EGCG
treatment (Table S2), significantly down-regulated/up-regu-
lated signal transduction-related genes in nHDFs after EGCG
treatment (Table S3), and LCs, values of EGCG against vari-
ous phenotypes of primary cells or cell lines (Table S4). Other
experimental details for confocal and fluorescence microscopy
are provided with the results for the cellular uptake of FITC-
EGCG in L-929 cells (Figure S1) and the time course of cellular
uptake of FITC-EGCG in cultured nHDFs (Figure S2) as well
as a discussion of the feasible mechanism of action of EGCG
(Figure S3).

These are available at Acta Pharmacologica Sinica website of
NPG.
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